We report the molecular characterization of several P element-induced mutations and their revertants at the yellow (y) locus ofDrosophila melanogaster. One of the mutants analyzed, y7W8, results from the insertion of a P element into the 5'-transcribed, untranslated portion of the y gene. Sequence analysis of several revertants of y76d28 shows that P excision occurs imprecisely. These events result in insertion of additional ATG codons in the y locus mRNA but are without phenotypic effect. In addition, we describe the molecular structure ofP-associated mutations induced in a near wild-type revertant of y76W08 that carries an internally deleted 0.4-kilobase P element in the 5' noncoding region. Sequence analysis of two of these mutants demonstrates that they arose as a result of the integration of a larger P element at the exact location as in the parental stock without the 8-base-pair additional duplication associated with P insertions. The phenotype of these y alleles is dependent on the size and orientation of the integrated P element. We infer that P-element replacement in these mutants has occurred by a recombination/gene conversion mechanism.
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Several classes oftransposable elements have been identified in Drosophila melanogaster that collectively account for 10o of the genome (1) . Molecular analyses of mutations at a number of loci have indicated that the major cause of spontaneous mutations in D. melanogaster is insertion of a transposable element into a gene altering its expression (2) (3) (4) (5) . Mechanisms by which these elements transpose and exert their mutagenic effects depend on the properties of a given element.
One of the best characterized elements in D. melanogaster is the P element. Complete P elements are 2.9 kilobases (kb) long and contain short 31-base-pair (bp) terminal inverted repeats flanking four open reading frames that encode a transposase function (6) . P-element transposition is restricted to germ-line cells as a result of a tissue-specific splicing event required for the production of transposase (7) . In addition, P-element movement is influenced by the presence of a repressor protein, thought to be produced from the P mRNA in which the germ-line-specific splice has failed to occur (8) . P elements form a heterogeneous family of elements originating from the autonomous 2.9-kb P factor by internal deletions (6) .
Insertion sites of P elements have been found to be clustered in target genes (9) (10) (11) (12) . In several cases, these sites are located in the 5' end, either upstream of the transcribed region or in the transcribed, untranslated portion of the gene (9) (10) (11) (12) . Mechanisms by which these P insertions affect gene expression are not well established. In at least one case, transcriptional interference has been implicated (13) .
We have used the yellow (y) locus as a model system to study the mobilization and mutagenic effects of P elements. The y gene is required for production ofthe normal brownishblack pigmentation of larval and adult cuticle structures. This gene encodes a single 1.9-kb RNA that is expressed during the late embryo-early larval stages and in mid-to-late pupal stages (12, 14, 15) . The spatial and temporal expression ofthis gene is controlled by a complex set of cis-linked regulatory sequences. Two enhancer-like elements located in the 5' flanking sequences are required for wing and body pigmentation. A bristle-specific control region is located within the intron, whereas a fourth region that is linked to the "TATA box" is required for expression in larval structures (16) . Here we describe the characterization of the P-induced y mutation y76d28 and several of its reversions. Additionally, we describe P-associated y mutations that were generated in crosses involving an MR element. MR elements are genetically mappable loci that produce unstable mutations resulting from the insertion ofP elements (12, 17, 18) . Our experiments elucidate mechanisms by which P elements influence y gene expression. In addition, our studies suggest that P-element integration can occur by a recombination/gene conversion mechanism.
MATERIALS AND METHODS P-Element Mutagenesis. P-induced y mutations analyzed throughout this study were obtained by using the original P mutagenesis system described by Hiraizumi (18) . This system exploits P-element mobilization and integration under control of an MR element. Several different MR elements have been isolated. All are equivalent except in their association with gonadal dysgenesis (19) . We have used either a second chromosome element [e.g., MRhJ2 or MRnJ (20, 21) ] or a third chromosome element [MRTx(3)J (19) ] to generate revertants of y76,V8 and other mutations.
Molecular Analysis ofy Alleles. D. melanogaster DNA was prepared as described (15) . Construction of genomic libraries in EMBL3 and the subsequent analysis were carried out by using standard procedures (22) . RNA was prepared from late pupae by using the NaDodSO4/phenol technique (23) . RNA gel blot analysis of purified RNA was performed as reported (24) . DNA sequencing was done as described by Maxam and Gilbert (25) .
RESULTS
Isolation of y Mutants and Revertant Stocks. The mutant y76d28 arose as a single yellow female in the progeny of a cross between a y' male whose germ line carried mobilized P elements and a female of the genotype Maxy/y -Basc (21) . Maxy is a multiple recessive marker X chromosome carrying y', and y -Basc is a balancer chromosome containing a deletion of y. A yellow female could only arise as a result of tTo whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. a mutation in the paternal X chromosome. In y76d28 flies, pigmentation of all adult cuticular structures is tan. This indicates that y gene expression is not affected in a tissuespecific manner but is reduced in all cell types to levels intermediate between wild-type flies and flies carrying a deficiency for the y gene. Revertants of y76"28 were obtained by crossing homozygous y76"28 females to males carrying the MR-Tx(3)1 element. Since mobilization of P elements occurs in the germ line of the F1 progeny, revertants will only be obtained in the F2 generation. Thus, wild-type flies were isolated from the progeny of a cross between F1 males and y ac females (Fig. 1 ). Revertants were obtained at a frequency of 1 in 500 chromosomes scored. The molecular analysis of three revertants, y"3, y13, and y +13-119 is described below. Additional mutations derived from y+13-11
were obtained in a similar manner. Homozygous y'13-11 females were crossed to MR-Tx(3)1 males, and the resulting F1 males were crossed to y-ac-females. In this case, yellow flies were selected. Additional mutations arose at a frequency of about 1 in 100. Two phenotypic classes were obtained among the progeny of these crosses. The phenotype of one class was indistinguishable from that of a null allele and these flies are designated y'; in the second class pigmentation was reduced relative to wild type in all tissues, as was seen in y76"28, and are called y2. Fig. 1 shows the mutants that were analyzed here.
Analysis of y7W8' As a first step in determining the molecular basis of the y76d28 phenotype, Southern analysis of genomic DNA was undertaken. The wild-type restriction pattern of the y gene is shown in Fig. 2A . Genomic DNA isolated from y76 D8 was digested with the restriction endonucleases BamHI and HindIII, transferred to nitrocellulose, and hybridized with y sequences. The results of this experiment demonstrate that the pattern of restriction fragments obtained from y76d8 DNA differs from wild type only by the replacement of the 0.7-kb HindIII-BamHI fragment with a band of 1.6 kb ( Fig. 3 ), suggesting that there is an insertion of 0.9 kb. This HindIII-BamHI fragment contains the 5' end of they gene ( Fig. 2A ) and is the region identified to be a hot spot for P-element integration (9) . A genomic A library was then prepared from these flies, the mutant y gene was isolated, and DNA sequence analysis was performed. The insertion into y76d28 is a 1.1-kb P element integrated 76 bp downstream from the mRNA cap site in the 5'-transcribed, untranslated portion of they gene ( ofthis P element is shown in Fig. 2B . This P element contains residues 1-808 fused to residues 2560-2904, as described by O'Hare and Rubin (6) . This defective element possesses all transcription initiation and termination signals as well as sequences required in cis for transposition. The discrepancy between the predicted and observed size of the insertion in y76d28 is due to the presence of a HindIII site in the P DNA 200 bp upstream of the BamHI site in the y locus. Thus, digestion of y761a8 genomic DNA with these two enzymes produces two fragments, one of 1.6 kb and one of0.2 kb. Only the larger fiagment is retained on nitrocellulose and is, therefore, the only new band observed. The 1.1-kb P element is integrated into they locus so that its direction of transcription is opposite to that of the y gene. RNA analysis was done to determine the structure of the y mRNA produced in this mutant. Poly(A)+ RNA was isolated from three stages of pupal development, electrophoresed on a formaldehyde/ 1.5% agarose gel, transferred to nitrocellulose, and hybridized with either a mixture of a y cDNA probe and a probe containing the Drosophila ras2 gene (Fig. 4A) or the y cDNA probe alone (Fig. 4B) . Hybridization to the ras2 gene serves as a control for the amount of RNA loaded per lane (26) . Two y mRNA transcripts of 3.0 kb and 1.9 kb are present. The size of the larger transcript corresponds to an RNA that is initiated at the normal promoter, reads through the P sequences, and terminates at the correct site. The second RNA is wild type in size, suggesting that P sequences are not present in this transcript. The temporal appearance of both transcripts is similar to that of wild-type RNA in that accumulation is maximal on day 8 of development. The amount of both RNAs is greatly reduced relative to wild-type levels, which probably accounts for the fact that pigmentation in these flies is tan (Fig. 3) . The molecular structure of y+', y+l3, and y+l3-11 was determined from DNA sequence analysis of y DNA isolated from each revertant. The sequence information obtained in these studies is summarized in Fig. 5 . Each revertant contains residual P-element DNA in the 5' untranslated region. A similar result was observed from DNA sequence analysis of the revertant y'#'+ that was obtained from yl#7 (Fig. 5) Proc. Natl. Acad. of y"l3 in 7104 chromosomes scored. The results from the control experiment reflect the expected frequency of Pelement mutagenesis of a wild-type y gene that occurs at about 1 in 10,000 (21) . Thus the y+l3-1 gene is 100 times more prone to P mutagenesis than wild-type y genes. This frequency is an underestimate of the total number of events occurring at the locus, since some excisions of P DNA will not change the phenotype.
Genomic DNA of eight mutations induced in y+13-1] (six y' and two y2) was isolated and characterized by Southern analysis as described above. These results are shown in Fig.   3 . In two ofthe mutants, y 1#8 andy2#4, the restriction pattern is consistent with deletion of the P element from the 0.7-kb HindIII-BamHI fragment. The DNA restriction pattern from yl#8 shows complete deletion of the 0.9-kb band present in y+l3-11 whereas that ofy2#1 shows a restoration ofthis band to wild-type size. In the remaining mutants, y1#4, yl#6, and y2#4, the 0.9-kb band is replaced with new fragments of w1.5 kb, 2.9 kb, and 1.6 kb, respectively. A similar analysis of another mutant, y'#7, indicated that additional sequences were also present in this region (data not shown). To understand the origin of these mutants, genomic A libraries were constructed from flies representing each type of event, y2#1, y2#4, yl#7, and yl#8. The results of DNA sequence analysis ofthe mutant y genes are summarized in Fig. 5 . They indicate that y' mutations are produced in two ways. In y'#8, P-element excision produces a deletion of sequences upstream of the insertion site. The deleted DNA includes the TATA box and transcription initiation site, which explains the resulting null phenotype (Fig. 2A) . In y1#7, a P element replaced the one already present in y+l3-11 Sequence analysis of this insert revealed no additional duplication of either P or y DNA, as would be expected if this second element was inserted into the existing P element in y'l3-11 by a conventional transposition event. The P element inserted in y'#7 is identical to the one found in y76"28 but is in the opposite orientation.
The y2 alleles are also produced in two ways. In y#4, the P element present in y+l3-11 was replaced with a P element identical in sequence and orientation to that found in y76"28.
The mutant phenotype of y2#1 flies results from imprecise excision of P DNA. In this case, along with deletion of the 8-bp duplication created by the initial P insert, 5 bp ofy DNA were removed. Left behind are 5 bp of the 31-bp terminal repeats. Analysis of RNA was done to determine how this deletion affects the production of y mRNA. Poly(A) + RNA was isolated from late pupae and analyzed as described above. Results from this experiment are shown in Fig. 4 . These flies accumulate a 1.9-kb RNA with a wild-type development profile but at a greatly reduced level.
DISCUSSION
Effect ofP-Element Integration ony Gene Expression. Here, we present the molecular characterization of the P-induced mutation y76d28, several revertants of this allele, and Passociated mutations obtained from the revertant y+l3-11 These mutations were created by an MR element, and in each case, they result from the insertion ofaP element. Our results demonstrate that both size and orientation of the integrated P element are important in conferring a mutant phenotype. This conclusion is based on a comparison of the structure of P DNA found in three phenotypically distinct flies, y76d28, the revertant y+l3-", and the null allele y""7, which was derived from y+l3-11 In each case, a P element is inserted at the same nucleotide in the 5'-transcribed untranslated region of the y gene. In y76d28 and y+3"11, the inserted P element is in the opposite transcriptional orientation relative to the y gene. RNA analysis showed that both flies produce a 1.9-kb RNA whose size and developmental expression are indistinguish- (13) .
Exactly the same 1.1-kb element was inserted in two y mutations derived from y' 3-11 This P element does not represent the major class present in the genome of these flies (data not shown). This suggests that either these sequences are preferentially mobilized or that this element is closely linked to the y gene and thereby acts as the source of DNA that replaces the 0.4-kb P element present in y~'3". The replaced 1.1-kb P element is identical to the KP element that has been linked to repression of P movement (30) . Preferential replacement of P elements with this sequence may be a way in which flies acquire the ability to repress P mobilization.
